Objective: To identify the genetic cause of axonal hereditary motor and sensory neuropathy (HMSN2) with infrequent giant axons.
The hereditary motor and sensory neuropathies (HMSNs), also known as Charcot-Marie-Tooth, are caused by diverse genetic mutations. 1 We previously reported a large German HMSN2 kinship with unique features, i.e., infrequent axonal swellings with neurofilament accumulations in sural nerve biopsies performed on 3 patients with the most severe neurologic phenotypes. 2 These 3 severely affected patients also had mild cardiomyopathy. Subsequently, several HMSN2 cases with giant axons were reported, and genetic cause has been associated with mutations of NEFL (HMSN2E) and SH3TC2 (HMSN4C). [3] [4] [5] A recent study also linked BAG3 mutation with giant axons in patients with prominent distal myofibrillar myopathy, cardiomyopathy, and mild sensory neuropathy. 6 Despite sharing some similar characteristics, these disorders are different from the originally described giant axonal neuropathy, which is autosomal recessively inherited and caused by mutations of GAN (gigaxonin). 7, 8 The disorder described in this report is autosomal dominantly inherited; affected persons have no kinky hair or progressive CNS involvement as occurs with GAN mutations. In addition, their phenotypic onset usually occurred after the second decade, whereas patients with GAN mutations present phenotypes during toddler years and often die by the third decade. GAN protein has been recognized as an adaptor for CUL3-E3 ubiquitin ligase and is important in the proteasomal degradation pathway involved in clearing neuronal neurofilaments. 7 In this report, we describe a novel genetic cause for HMSN2 with neurofilament accumulations and infrequent giant axons. The causal mutation also occurs in a protein important in the E3 ubiquitin ligase pathway, namely DDB1 and CUL4 associated factor 8 (DCAF8).
METHODS Standard protocol approvals and patient consents. This study was reviewed and approved by the Mayo Institutional Review Board. Written informed consent was obtained from all persons participating in this research study. Eleven members of this previously described HMSN2 kindred 2 participated; 6 were affected and 5 unaffected (figure 1).
Kindred review. Extensive kindred evaluation by neurologic examinations and nerve conduction studies indicated variable severity among affected persons. Needle EMG showed characteristics of chronic denervation with prolonged durations (up to 30 msec, normal ,10 msec) and decreased firing with maximal contraction in affected muscles. The clinical presentations included gait abnormality, ankle weakness with prominent peroneal muscle atrophy (figure 1A), and hand weakness. Bony abnormalities such as pes cavus were present since infancy or childhood; hyporeflexia and areflexia were usually limited to the Achilles reflexes. For the 3 most severely affected patients (IV-5, IV-4, and V-4), neither the muscle action potential nor the nerve action potential could be elicited from their intrinsic foot muscles and their sural nerves, respectively. Sensory loss was limited to distal extremities and presented as either delayed cortical somatosensory evoked potential or desynchronization of sensory nerve action potential. Of 6 affected persons, 3 (IV-5, IV-10, and V-4) had undergone nerve biopsy evaluations. Their nerve biopsies revealed a reduction in the number of myelinated fibers and enlarged fibers with giant axons and thin myelin sheaths in patchy distribution (figure 1B). 2 These giant axons had greatly increased numbers of misdirected neurofilaments; in addition, microtubules and mitochondria were displaced to the periphery of the axons. All 6 affected patients underwent cardiovascular assessment. Patients III-3, IV-9, and V-5 had normal ECGs and no signs of cardiac involvement. Patients IV-5, IV-10, and V-4, who had the most severe neurologic signs, all had low-grade systolic murmur; ECG and cardiac catheterization testing revealed mild cardiomyopathy. Since the initial report of this family, the clinical follow-up was available on all affected persons and none had overt neurologic progression. However, 2 affected patients died from cardiomyopathyrelated problems. Patient IV-5 died at age 72 years with congestive heart failure and patient IV-10 died at age 68 years with cardiomyopathy-related problems. Patient III-3 died at age 76 years for reasons unrelated to cardiomyopathy. Patient IV-9 with most prominent distal peroneal atrophy is alive at age 52 years. Patient V-4 is 42 years old and still engaged in sport activities without symptomatic cardiomyopathy. His weakness remains predominantly of the below knee segments (figure in initial publication 2 and figure 1A ). Patient V-7, currently in his early 40s, was considered affected based on examination and mild pes cavus and has not had significant progression.
Genetic analysis. Whole-exome sequencing (WES) was performed in patients II-3, IV-5, and IV-7. SureSelect All-Exon Kits V3 (50 Mb) (Agilent Technologies, Santa Clara, CA) was used for exome capture and HiSeq2000 (Illumina, San Diego, CA) for 101 bp paired-end sequencing. Data were analyzed using in-house developed pipeline.
Briefly, the reads were aligned to reference genome build 37.1 using Novoalign (v2.07.13) followed by realignment, recalibration, and variant calling using Genome Analysis Toolkit (GATK) 9 (v1.226). The called variants were filtered and annotated using the latest Targeted RE-sequencing Annotation Tool (TREAT), 10 incorporating dbSNP135, 1KGenome, and ESP6500 databases. Nonsynonymous variants were evaluated by PolyPhen-2, SIFT, Mutation Taster, and Genomic Evolutionary Rate Profiling (GERP) score. A custom-designed TaqMan genotyping assay (Life Technologies, Carlsbad, CA) was utilized to screen DCAF8-R317C in 1,536 controls with European ancestry. Sanger sequencing was utilized to confirm the DCAF8-R317C tracking with disease in the family and to screen the DCAF8 coding exons in 108 additional HMSN2 probands.
Linkage haplotype analysis. High-definition mapping at chromosome 1q23.2 was carried out using 8 sequence-tagged site (STS) markers. Family structure and marker values were confirmed using the Pedcheck program. 11 Multipoint linkage was calculated using the package Merlin, 12 assuming a rare susceptibility allele (frequency 0.001) and an autosomal dominant mode of inheritance. The penetrance was assumed to be 0.001 for noncarriers and 0.9 for carriers. Marker allele frequencies were estimated from our data and equal recombination fractions for males and females were assumed. An estimate of the maximum attainable logarithm of odds (LOD) score possible with this pedigree was obtained using FastSLINK. 13 Co-immunoprecipitation assay. Site-directed mutagenesis of DCAF8-R317C was carried out using the QuikChange kit (Stratagene, La Jolla, CA). HEK293T cells were cotransfected with wild-type or mutant Flag-tagged DCAF and hemagglutinin (HA)-tagged DDB1 using FugeneHD (Promega, Madison, WI). Forty-eight hours posttransfection, cells were lysed using IP Lysis buffer (Pierce, Rockford, IL). Lysates were cleared by centrifugation and affinity purification was performed using Magnetic HA-Tag IP/Co-IP kit (Pierce). The eluted samples were analyzed by Western blot with anti-Flag antibody (A8592; Sigma-Aldrich, St. Louis, MO). The efficiency of affinity purification of DDB1 was monitored using anti-HA antibody (ab1190, Abcam, Cambridge, UK). The comparable transfection efficiency of FLAG-DCAF8 was checked using cell lysates with anti-Flag antibody (A8592; Sigma). The equal loading was checked by bicinchoninic acid protein assay (Pierce) and the expression of glyceraldehyde 3-phosphate dehydrogenase. In addition, a DCAF8 mutant construct R314H, initially utilized to demonstrate the critical role of WDxR motif in DCAF8-DDB1 association, 8 was used as a positive control.
RESULTS Of 6 affected persons in this HMSN2 kinship, the 3 most severely affected (IV-5, IV-10, and V-4) had undergone nerve biopsy evaluations, and giant axons with neurofilament accumulations were found in patchy distribution (figure 1B). 2 We first performed Sanger sequencing of MFN2, GAN, and NEFL, but no mutation was identified. We then utilized WES in 2 affected patients (III-3, IV-5) and 1 unaffected patient (IV-7) ( figure 1) . The HiSeq2000 generated 13-15 Gb of sequencing data per sample and achieved an average sequencing depth of 125-150X with high-quality genotype calls (phred score 14 . 30). Approximately 95% of targeted regions were covered by 10X sequencing depth in all 3 exomes. The alignment and variant calls were carried out using an in-house developed pipeline incorporating dbSNP135, HAPMAP, 1KGenome, and the National Heart, Lung and Blood Institute's Exome Sequencing Project (ESP6500) for in-depth novel variant filtering. 10 While conducting novel variant analysis across the whole exome, we specifically interrogated all variants in the exons of known causal genes for HMSN and distal hereditary motor neuropathy (dHMN) and did not find any known pathogenic or novel variants in these causal genes. The gene list for HMSN and dHMN was generated based on recent review. 1 We also ensured the absence of mutation and full coverage in the BAG3 gene, which has been shown to cause giant axonal neuropathy with cardiomyopathy. Our bioinformatics analysis identified 6 novel nonsynonymous variants existing only in affected patients III-3 and IV-5 but not in unaffected patient IV-7. Sanger sequencing was used to verify all the variants and to check whether variants tracked with the affected status within the family. Among these 6 variants, only DCAF8 p.R317C tracked with disease in the family (figure 1, C and D). This variant was absent in .17,000 control chromosomes from available databases (ESP6500, 1KGenome, dbSNP135, and HAPMAP). To further confirm the mutation is not present in normal controls, we designed a custom TaqMan genotyping assay (Life Technologies) to screen DCAF8 p.R317C in our 1,536 controls with European ancestry and no known neuropathy history and confirmed that DCAF8 p.R317C is absent in the 1,536 control samples.
To increase the causative certainty of this alteration, we performed high-definition linkage mapping at 1q23.2 where DCAF8 localizes. We identified 9 STS markers spanning a 3.3-Mb region at chromosome 1q23.2 (chr1:158895175-162210226) and carried out microsatellite analysis. We applied FastSLINK 13 to estimate the maximum attainable LOD score possible with this pedigree. Our microsatellite linkage analysis obtained a LOD score of 1.72, which is the maximum possible LOD score based on this pedigree. Haplotype analysis also confirmed the conserved segment where DCAF8 resides (between D12S707 and D12S771) as tracking with the affected status ( figure 1D) . The R317 residue is located within a highly conserved region (figure 2A) of DCAF8 and the alteration of R317C is predicted to be damaging by SIFT and disease-causing by Mutation Taster. The high fidelity of DCAF8 is further supported by the extremely rare occurrence of any missense variant in this gene. Based on the ESP6500 database, all DCAF8 nonsynonymous variants have minor allele frequency of ,0.0009.
The incidence of HMSN2 with giant axons is unknown. To date, only a few cases have been reported. 3, 4, 6 We did not identify any cases with similar phenotype in our sample bank. To investigate whether DCAF8 mutation may occur in other HMSN2 cases, we screened all coding exons of DCAF8 in 108 HMSN2 probands without known genetic cause. Not only did we not identify any novel nonsynonymous variants within DCAF8, we also did not find any nonsynonymous variant among 108 probands. This result supports the highly conserved nature of the DCAF8 gene ( figure 1C ) and underscores the fact that DACF8 mutation is very specific for this phenotypic presentation.
To investigate the functional impact of DCAF8 p.R317C, we applied site-directed mutagenesis and generated a DCAF8 p.R317C expression vector. HEK293T cells were cotransfected with wild-type or mutant Flag-tagged DCAF and HA-tagged DDB1 using FugeneHD (Promega). The eluted samples were analyzed on Western blot with anti-Flag antibody (A8592; Sigma). The DCAF8 mutant construct R314H, which was introduced through mutagenesis and demonstrated the critical role of WDxR motif in DCAF8-DDB1 association, 8 was used as a positive control. Our co-immunoprecipitation assay of DDB1 with wild-type and DCAF8 p.R317C proteins showed R317C mutant protein decreased DCAF8 binding to DDB1, indicating a negative impact on the E3 ubiquitin ligase substrate recruiting ( figure 2B) . DISCUSSION The genetic causes for the majority of HMSN2 cases remain unknown. 15 Our discovery of this DCAF8 mutation expands the genetic causes of HMSN2 and should be especially considered with giant axons on nerve biopsy and in association with cardiomyopathy. The DCAF8 protein, also known as WDR42A, contains 7 WD repeats that form a b-propeller and interacts with DDB1 protein in the CUL4-DDB1 E3 ubiquitin ligase macromolecular complex ( figure 2A) . Recent studies have shown that DCAF8 functions as a substrate-recognition receptor for CUL4-DDB1 E3 ubiquitin ligase. 8 The CUL4-DDB1 ubiquitin ligase regulates cell proliferation, DNA repair, and chromatin integrity through targeted ubiquitination of specific substrates. Previous studies focusing on structure-based analysis of DCAF8 recognized a relatively conserved WDxR motif among the WD40-containing DCAFs. 8 The WDxR motif resides on the solvent-exposed surface of the WD40 propeller fold and is crucial for DCAF proteins binding to DDB1 in the E3 ubiquitin ligase complex. Reduced binding to DDB1 has been demonstrated through mutagenesis analysis introducing WDxR motif mutation DCAF8-R314H. 8 The importance of the WDxR motif is emphasized by another WDxR motif mutation, R273H, in the WD40 b-propeller protein DDB2, which causes human xeroderma pigmentosum with neuropathy. 8, 16, 17 The DCAF8 R317 locates right next to this conserved WDxR motif on the solventexposed surface of WD40 b-propeller. Switching hydrophilic arginine to hydrophobic cysteine is likely to have consequential impact on WD40 b-propeller interaction. Our co-immunoprecipitation assay of DDB1 with wild-type and DCAF8 p.R317C proteins showed R317C mutant protein decreased DCAF8 binding to DDB1, indicating a negative impact on the E3 ubiquitin ligase substrate recruiting ( figure 2B ). DACF8 is one of the important players in Cul4-E3 ubiquitin ligase and possibly involved in the neurofilament substrate degradation. However, the structure of DCAF8 has not been solved. How exactly R317C mutation affects the association with DDB1 remains to be elucidated. Future crystallographic studies of the DDB1-DCAF8 complex will illustrate the more precise effect of R317C mutation on the interaction of DDB1and DCAF8. Giant axons and neurofilament accumulation on nerve biopsy were initially considered as the hallmarks of giant axonal neuropathy caused by biallelic mutations of GAN. 18 Since then, giant axon and neurofilament accumulation have also been observed in HMSN2E caused by NEFL mutations and in HMSN4C caused by SH3TC2 mutations. GAN protein functions as an adaptor for CUL3-E3 ubiquitin ligase and is important in the proteasomal degradation pathway involved in clearing neuronal neurofilaments. 7 SH3TC2 protein colocalizes with RAB11 on endosomal vesicles and is an adapter molecule involved in endocytic recycling. 19 Recent study also discovered infrequent giant axons with neurofilament accumulations in myofibrillar myopathy patients with axonal neuropathy resulting from heterozygous BAG3 mutations 6 and in early-onset axonal neuropathy patients by recessive mutations of TRIM2. BAG3 mediates degradation of misfolded proteins via autophagosome 20 ; TRIM2 has been shown to be important in neurofilament ubiquitination. 21 In addition, LRSAM1, which encodes a multidomain protein possessing E3 ubiquitin ligase activity, was found to be causal for axonal neuropathy in both dominant and recessive forms. 22 Taken together, it is evident that the ubiquitination and protein degradation pathway plays a central role in the pathogenesis of giant axon and neurofilament accumulation. 18 While the pathogenesis of DCAF8 p.R317C mutation remains to be discovered, it is plausible to speculate that DCAF8 mutation leads to impaired ubiquitination targeting of neurofilament in CUL4-E3 ubiquitin ligase-associated degradation pathway ( figure 3) . 7 This study provides additional evidence supporting that the defects in E3 ubiquitin ligase lead to giant axon disorder and further emphasizes the imperative role of ubiquitin ligase-regulated proteasomal degradation pathway in maintaining the integrity of the nervous system and possibly cardiomyocytes. 
